Abstract Changes in hydro-meteorological historical records are of considerable importance for future planning. This study analyses trends of hydro-climatological indices of annual and seasonal precipitation, temperature and discharge in the "Norte Chico" region of Chile (29)(30)(31)(32) • S), located in the Central Andes. It addresses how these trends possibly impacted on the water resources in a nival regime, typical for arid mountainous regions. Homogenous records were tested against monotonic trends using the non-parametric rank-based Mann-Kendall test. The results suggested, at a very high confidence level, a strong warming signal trend over recent decades, consistent at the annual and seasonal levels. Furthermore, warmer days are observed in summer, especially at higher elevations. The region also experienced a shift in the rainy season over the last 42 years. However, an increase in precipitation was observed over recent decades, whereas an annual decrease was the general tendency when the whole century was considered. Changes in discharge were not unequivocal and glacier retreat has been compensated for possibly by an increase in snowmelt in recent years. Hence, in an under-studied area, from the hydrological perspective, this work provides some insights for a better understanding of changing hydrological processes in the mid-latitude Andes Cordillera. • S), située dans les Andes centrales. Elle aborde la façon dont ces tendances ont peut-être influencé les ressources en eau dans un régime nival, typique dans les régions montagneuses arides. Des enregistrements homogènes ont été comparés à des tendances monotones en utilisant le test non-paramétriques de rang de MannKendall. Les résultats ont suggéré, avec un niveau de confiance très élevé, une forte tendance au réchauffement durant ces dernières décennies, cohérente à l'échelle annuelle et saisonnière. Par ailleurs, des jours plus chauds sont observés en été, surtout en altitude. La région a également connu un changement dans la saison des pluies au cours des 42 dernières années. Toutefois, une augmentation des précipitations a été observée au cours des dernières décennies, alors que la tendance générale sur le siècle est à la baisse. Les changements de débits ne sont pas univoques, et le recul des glaciers a probablement été compensé par une augmentation de la fonte des neiges dans les dernières années. Ainsi, dans une zone sous-étudiée, du point de vue hydrologique, ce travail apporte un éclairage pour une meilleure compréhension de l'évolution des processus hydrologiques dans la Cordillère des Andes de moyenne latitude.
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INTRODUCTION
Since the industrial revolution, the Earth's climate system has been modified and the interpretation of the ongoing climate change is rather widely accepted by the scientific community (IPCC 2007) . Globally, a significant warming is expected, whereas changes in rainfall, although neither spatially nor temporally of uniform patterns, are projected over the 21st century (IPCC 2007) . The study of historical trends provides potential indicators for future climate change patterns, and, therefore, offers a significant contribution to the scientific debate on climate change. Historical trends have been studied in many parts of the world, particularly in industrial countries, where numerous studies on trends in temperature, precipitation and runoff have been recently conducted (e.g. Burn et al. 2004 , Lindström and Bergström 2004 , Cannarozzo et al. 2006 .
With regard to water resources, detection of change in hydro-meteorological records is of considerable importance for their sustainable management and planning. This is especially relevant for arid mountainous regions, covering more than 30% of the Earth's inland land surface (Dregne 1985) , that are particularly sensitive to climate variability. Nival regimes, typical for these regions, are dependent on precipitation but are also strongly influenced by temperature (Singh et al. 2006) .
In Latin America, few studies have addressed trends in temperature (e.g. Rosenblüth et al. 1997 , Vincent et al. 2005 , Falvey and Garreaud 2009 and precipitation (e.g. Rusticucci and Penalba 2000 , Haylock et al. 2006 , Falvey and Garreaud 2007 . Even fewer concern the Central Andes and, to the best of our knowledge, no previous change detection analysis has been conducted in the Norte Chico, the northcentral part of Chile that is the region of interest in this work. This area is characterized by a strong influence of topography on regional and local climate (e.g. Kalthoff et al. 2002 , Favier et al. 2009 , inducing different patterns in precipitation and temperature at areas of higher elevation than at the coastal level, westward of the Andes. However, most of the existing trend detection studies in Chile have only explored those stations located in the coastal area, leading to biases in regional trend detection. Hence, despite their substantial socio-economic relevance, temperature, precipitation and discharge are poorly studied in the investigated region, especially in the middle and upper parts of watersheds. These sub-areas are of particular relevance, since it is in these areas that winter precipitation and snow accumulation are relevant, as they provide runoff water for irrigation, human consumption and ecosystem sustainability in the dry summer periods.
Whereas the study of trends is of high scientific interest, regional and local stakeholders, planners and water specialists also have direct interest in the results for further planning in the region. Therefore, beyond offering one of the few contributions about climate trends focused on this part of the Andes, possibly of use for comparative purposes in future studies, this work is also of practical dimension for the local and regional communities. Thus, the general objective of this paper is to provide a comprehensive and sound analysis of hydro-climatic trends in northcentral Chile for the second half of the 21st century. As well as annual and seasonal linear trend analysis of temperature and precipitation, trends in extreme indices are explored. In addition, trends in discharge at stations of pristine river sections (i.e. those parts of the river located in the basin's headwaters having a nearly natural state, with no or rather negligible manmade alteration) will be considered and compared to trends in precipitation and temperature. In order to account for decadal variations, known to be relevant in the region (Shi and Xu 2008) , nonlinear trends will be analysed for temperature, precipitation and related extreme indices, after regionalization. This paper is structured as follows: after a short introduction to the research area, the data and quality controls used in this study are presented. In addition, extreme event indices are defined. Thereafter, the methodology for monotonic and nonlinear trend detection is introduced. After a thorough presentation of the results, the implication for water resources in the Norte Chico and other arid and semi-arid zones is discussed. With a view to supporting the use of such studies by stakeholders and decision makers, the main uncertainties linked with statistical trend detection are discussed. Finally, conclusions about the main findings of this work are drawn.
STUDY AREA
The Norte Chico ("little North") area is located in north-central Chile, ranging from 26 • S to 32 • S, encompassing the Atacama and the Coquimbo region. The Norte Chico, like other arid and semi-arid ecosystems, has climatic, physiographic and ecological features that are highly vulnerable to climatic variations (Downing et al. 1994 , Holmgren et al. 2006 . This work focuses on the Coquimbo region (29 • 20 -32 • 17 S). Located just south of the arid diagonal (Messerli et al. 1992) , three main watersheds extend east-west from the Andes Mountains to the Pacific Ocean: Elqui, Limarí and Choapa (Fig. 1) . The climate here ranges from arid to semi-arid from the north to the south (Miller 1976) , with the annual precipitation showing a strong orographic dependence, ranging between approx. 80 and 300 mm year -1 from the coastal area to the Andes (Favier et al. 2009 ). Almost 85% of annual precipitation falls between May and June (Jofré 2008 ). An increase in precipitation from north to south is also observed in the same order of magnitude, due to the increased influence of the mid-latitude storm track. Extended dry spells occur regularly and precipitation is strongly influenced by several natural large-scale phenomena such as El Niño Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO), both of which have a strong influence on local climate variability (Aceituno 1988 , Verbist et al. 2010 . Temperature, also affected by these phenomena, reaches its minimum in winter (JuneAugust), which coincides with maximum precipitation. Therefore, snowfall covers large areas, up to 50% of the total surface in certain watersheds at high altitude (Favier et al. 2009 ). With a relatively low glacier coverage of approx. 7 km 2 between 29 • and 32 • S (Garin 1987) , river discharge is highly driven by the melting process of the winter-accumulated snowpack. This results in peak discharge between October and December.
Despite the arid to semi-arid conditions, the existence of Chile's largest irrigation-oriented reservoir system and an extensive channel network allows significant irrigated agriculture in the region that covers about 100 000 ha. This is oriented towards the production of high-value crops, such as table grapes, avocados and citrus fruits, mainly for foreign markets, representing a major income for the Coquimbo region's economy.
DATA AND METHODOLOGY

Data quality and homogeneity testing
Data quality assessment is a necessary preliminary step in trend detection analysis. Therefore, special emphasis was given in this study to data set selection and quality control. Because robust trend analysis requires relatively long records (Kundzewicz and Robson 2004) , and for the sake of consistency across the station network, a first selection was made among all available stations (i.e. 22 for temperature, 72 for precipitation and 58 for discharge) prior to further control of data quality and homogeneity.
For three rainfall measurement stations, the period 1914-2006 (92 years) was chosen for stations with at least 90% non-missing annual data, in order to enable trend detection over the last century. For discharge, only one station was selected.
Stations with a shorter record length, or with more missing values, were subject to a selection process that aimed at maximizing both the period length and the number of station selected. For each period of at least 30 years between 1950 and 2006, the number of stations with 80% or more non-missing annual data was calculated. Annual and seasonal time series were derived from daily time series, with the exception of 10 stations with precipitation only available at the monthly time scale (see Table 1 ). An optimum was found for the period 1964-2006 (42 years) for precipitation and discharge records (36 and nine stations, respectively). The number of selected river discharge stations was drastically reduced because of the special emphasis made on choosing stations located in natural or nearly natural rivers (i.e. with no or negligible anthropogenic impacts on river discharge). Because temperature records are relatively short in the region, a similar period for temperature series would have reduced considerably the number of selected stations (minus 40% of possibly selectable stations). Therefore, a maximum of stations fulfilling the selection criteria was found for the period 1973-2006 (33 years) with 12 temperature stations. Detection of inhomogeneities caused by station relocation, changes in instrumentation, observation method or other non-climatic factors can be quite complex (Vincent et al. 2002) , requires a dense station network and detailed metadata (i.e. qualitative information about the station's history), and is time-consuming. Nevertheless, their assessment is decisive for trend analysis. Therefore, each monthly temperature (Tmin, Tmax), precipitation and streamflow data set was tested for inhomogeneities using a two-phase regression model. This model was first proposed by Easterling and Peterson (1995) and Vincent (1998) and later revised by Lund and Reeves (2002) and Wang (2003 Wang ( , 2008 . The model allows a test for homogeneity against a reference series. However, if for some reason, no reference series could be retrieved (e.g. by averaging neighbouring stations or using remote sensing observations), a test without reference series is possible (Wang et al. 2007) , as successfully shown by Vincent et al. (2005) for temperature in several climatic stations across South America. For precipitation and temperature, reference series were constructed based on the monthly NCEP-NCAR re-analysis data set (Kalnay et al. 1996) , with Although precipitation and streamflow stations were relatively homogenous, temperature records showed important failures. Removing all suspicious stations for temperature could have resulted in far fewer stations for analysis of trend in the region. Therefore, inhomogeneities were re-adjusted following Wang (2008) . In brief, a penalized F Test is used to identify significant change points (i.e. those indicating potential inhomogeneities). Thereafter, these significant change points are discarded and readjustments are performed. The magnitude of each re-adjustment corresponds to one of every discarded change points.
Therefore, although the selection process reduced drastically the number of originally available stations (about −50% for temperature and precipitation), those stations displayed in Table 1 represent the available complete series of acceptable quality in the studied region.
Trend analysis
Trends were examined for hydro-meteorological indices, annual and seasonal precipitation, temperature and streamflow data using the non-parametric rank-based Mann-Kendall (MK) test (Mann 1945 , Kendall 1975 ). This approach was chosen because it makes no assumption about the distribution of the data. Hence, this distribution-free test is useful for monotonic trend detection, because hydroclimatic series are not normally distributed. In addition, because the MK test is based on sign differences rather than values, it is robust to the effect of extreme values and outliers (Helsel and Hirsch 2002) .
This test was found to be an excellent tool in similar applications by various researchers. For example, Burns et al. (2007) applied the MK test for trend detection in temperature, precipitation and runoff in New York State, USA. Recently, Pal and Al-Tabbaa (2009) used the MK test similar to the approach used in this study to examine precipitation extreme trends upon the Kerala region in India.
The MK test is based on the difference (x i -x j ) between successive years of data for a given period. A test statistic (S) is estimated as the summation of signs (-1; 0; +1) as:
A Z value is then computed to estimate the significance level of the trend. The significance level will increase with number of identical successive signs. In this work, in order to differentiate the confidence associated with each statistic, three significance levels were used, denoted throughout this paper by * * (p < 0.01 or 99% confidence level), * (p < 0.05 or 95% confidence level), and • (p < 0.1 or 90% confidence level). The slope of each trend was estimated using the non-parametric Sen method (Sen 1968) , which calculates the median of all possible pair-wise slopes, referred to hereafter as Sen's slope (Helsel and Hirsch 2002) . A positive value of Sen's slope indicates an upward trend (i.e. increasing with time), whereas a negative value indicates a downward trend (i.e. decreasing with time).
In this paper, seasons were defined as follows: summer (December-February), autumn (MarchMay), winter (June-August) and spring (SeptemberNovember).
Analysis of hydro-climatic indices
The analysis of temperature and precipitation extremes was based on the indices developed by the World Climate Research Programme Expert Team on Climate Change Detection and Indices (ETCCDI) (Peterson et al. 2001 , Peterson 2005 . Some of these indices have been used previously for studying trend detection of temperature and precipitation for South America (Vincent et al. 2005 , Haylock et al. 2006 , as well as in a pilot forecasting study in the Elqui basin (Souvignet et al. 2010) . Selected indices used in this study are displayed in Table 2 . Ten annual indices were calculated from daily data sets for temperature and for precipitation . Seasonal variations of total precipitation and maximum and minimum temperature are also investigated in the following sections.
Discharge trend analysis
As a contribution to assessing discharge in mountain basins in arid and semi-arid areas, seasonal and annual discharge linear trends were estimated for nine "pristine" stations in the upper parts of the studied catchments. Homogenous data were tested over a 42-year period in nine stations and In addition, in an exhaustive review of historical trends and possible impacts of climate change on water resources, Vicuña and Dracup (2007) introduced several indicators developed to analyse streamflow timing trends in mountainous areas. Indeed, a large majority of basins under nival regime in northern America have exhibited earlier snowmelt timing over recent decades (e.g. Stewart et al. 2005 , Clow 2011 ). Therefore, Stewart et al. (2005) proposed two indices to identify changes in snowmelt trends. The first one, the so-called "spring pulse" is defined as the day when the cumulative departure of daily streamflow from the mean is most negative (see Cayan et al. 2001) , so it indicates the date of the beginning of the seasonal streamflow pulse in response to snowmelt in spring or early summer. The second indicator, the "timing of centre of mass" (CT) of the annual flow, is calculated as described by (Stewart et al. 2005 ):
where t i is time in days from the beginning of the water year (1 May), and q i is the corresponding streamflow for the Julian day, i. As pointed out by Stewart et al. (2005) , CT represents a "time-integrated perspective" of the timing of the spring pulse, as well as of the overall distribution of annual streamflow. In addition, it is more homogenous than the spring pulse date.
Both trends for the spring pulse and CT are calculated using the MK test described above. Figure 2 presents trends for maximum and minimum temperature over . The number of stations for both maximum and minimum temperature with a significant positive trend (p < 0.05) indicates a strong overall warming.
RESULTS
Temperature trend analysis
Seasonal and annual analysis
Spatial patterns and magnitude are consistent over the annual and seasonal levels. However, although a majority of annual trends tend to remain within the 95% confidence interval, seasonal trends return a slightly lower number of significant values. Likewise, day-time temperature trends (Tmax) return a slightly higher number of positive significant trends than night-time temperature trends (Tmin). Although few stations were available at lower elevations, significant positive trends tend to be located at middle and higher elevations. Figure 3 displays annual trends for temperature indices over . The most important change is exhibited by TNn (minimum Tmin) with significant positive trends across the region indicating that the coldest nights are getting warmer. In addition, SU (number of days with Tmax > 25
Index analysis
• C) returns a strong positive trend, especially at higher elevations. There is also an increase in temperature of the warmest days (TXx). However, TXx exhibits only few significant trends over the study area. Moreover, a decrease in cold nights (FD: number of days with Tmin < 0 • C) is observed at the highest elevations, corroborating recent findings concerning the aforementioned discrepancies between trends in Tmin and Tmax at coastal and higher-elevation stations in southern South America (Falvey and Garreaud 2009 Vincent et al. (2005) . These discrepancies are most probably explained by the limited number of higherelevation data included in their study. Hence, the results presented herein shed light on the regional orographic influence on the climate in this part of the Andes.
Precipitation trend analysis
4.2.1 Seasonal and annual analysis Seasonal and annual linear trends for precipitation were examined, and Fig. 4 shows the magnitude (%) and sign of trends over the period . As rainfall in the region is negligible in summer (less than 2% of the annual amount), trends are not displayed for this season.
First, a strong seasonal pattern is observed, with significant positive trends in the autumn (which concentrates 15% of the precipitation) and significant negative trends in spring (10% of annual precipitation). In winter, when most of the precipitation occurs (73%), despite the fact that positive trends show a greater magnitude, half of the stations (18 out of 36) return positive trends, whereas the other half display negative trends. Moreover, only one station shows a statistically significant trend. At the annual level, a coherent spatial signal is observed: records from stations located at higher elevations display a positive trend, in contrast to those from coastal areas, which show negative trends. As for linear trends in spring and winter, no significant patterns were found in the coastal area.
The important contrast between precipitation trends at the seasonal level, especially between autumn and spring, indicates that the last four decades experienced a shift of the rainy season. In addition, spatial disparities are present in winter and, consequently, they become apparent at the annual level. Significant trends are found in winter only in the northern upper part of the Limarí watershed (at Pabellon station), and at the annual level in the upper part of the same watershed (at Pabellon, Las Ramadas and Tascadero stations). With a quasi absence of glacier coverage, this increase in rainfall will certainly increase water storage of the snowpack and, consequently, influence discharge locally. This issue is discussed further in the next sections.
In contrast, when linear trends are tested over a longer period for the selected stations with available records , signs, significance and magnitude vary, as displayed in Fig. 5 . Nevertheless, the results indicate a significant negative trend at the annual level, with less inter-seasonal variation. Despite the fact that three stations are insufficient to draw sound, general conclusions, we hope that the results will add to the scientific debate about the orographic variability of trends, and that they may help decision makers by enhancing the station coverage, especially for higher elevations. In addition, the calculated slopes of the seasonal and annual precipitation trends were tested against altitude with the non-parametric Spearman rank correlation test. This allows the understanding of relationships between elevation and the intensity of change in precipitation in the region. The results displayed in Table 3 show a positive relationship between the slope of precipitation trends and the altitude of the station. Significant correlations at the 99% confidence level are found for trends in autumn and at the annual level. Nevertheless, no significant relationship could be found for a trend in winter or spring. These results indicate the influence of elevation on precipitation patterns, especially at the annual level during the last four decades. Unfortunately, given the lack of available stations with longer records, no conclusion could be drawn according to this relationship on the long run; nor could a relationship be identified between temperature trends and elevation in the studied area. Monthly one-day and consecutive five-day precipitation indices (RX1 and RX5), as possible indicators of floods, return no significant trend over the studied period. Although RX1 shows no spatial consistency, RX5 displays a rather strong agreement among records for a positive trend. Despite the important magnitude of this upward trend (up to 1.1mm/year), no value was found significant. In addition, trend coefficients increase along the north-south axis. Considering the annual count of rainfall extreme events (R10 and R20), only a minority of stations return significant positive trends; all are located at high elevations. This is mainly explained by the altitude gradients observed for precipitation. Indeed, as rainfall occurs mainly in the upper Andean zone, trends in extremes are difficult to assess at lower elevations. The dry spell length proves to have a similar behaviour to other rainfall indices: it shows significant trends in higher-elevation areas and no trend at the coastal level. In addition, observed linear trends of dry spell length appear to be spatially consistent with gradual change in trends from north to south. An upward signal in the northern part of the studied area with a significant value in La Laguna (Elqui watershed) is observed, indicating an increase in dry spell length, whereas the middle and southern part of the region displays a downward signal with a significant value in San Agustin (Limarí watershed). These results suggest an aridification process of the already arid northern part of the Coquimbo region, coupled with an increase in occurrence of rainfall extreme events (RX5, R10 and R20) in higher-elevation areas (Fig. 6) .
Index analysis
This increase in the dry spell length, when combined with an increase in extreme rainfall events, as observed in the Elqui basin, suggests an increased variability of precipitation. It displays an example Table 2 ) for the period 1964-2006. Legend as in Fig. 4 . of an intensified hydrological cycle, the theoretical hydrological response to global warming as described by Huntington (2006) . If this trend should persist over longer periods, it might have consequences for local ecosystems and, indirectly, on irrigation through a decreasing recharge of reservoirs.
In a recent study, Haylock et al. (2006) analysed trends of 54 stations for several extreme event indices in South America over 1960-2000. Although, the results presented in their paper are in general agreement with the findings presented here, spatial patterns (following both the latitude and longitude axes) were not represented. Because most of the Chilean stations studied by Haylock et al. (2006) were located on the coastal areas, the complex relationship between climate and topography, of considerable importance in the region, could not be accounted for. Falvey and Garreaud (2007) investigated this phenomenon in Central Chile (32 • -35 • S), south of the Norte Chico. Using gauge and radiosonde data of winter records over 10 years (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , they found that the precipitation pattern is relatively uniform between the coast and the foothills of the Andes, whereas it is more strongly related to the mean topography on the western slopes of the Andes. Table 4 presents seasonal and annual linear discharge trends, together with streamflow timing trends (spring pulse and CT) for the investigated stations. Linear trends are considered first, followed by an analysis of timing trends.
Discharge trend analysis
Significant trends are highlighted in Table 4 with their respective confidence level. Trends over the last century for the long-term record station (1: Turbio River at Varillar, Elqui basin) are consistent over seasons and yield a steady significant decrease of discharge (from −4% to −9.4% per decade). In contrast, trends over 1964-2006 for the "short-term" record stations (nos 2-10, Table 4) are not consistent when different seasons are considered: they return much fewer significant values. Although glacier contribution to discharge is at its maximum in summer, no significant value is found. Increase in discharge is detected in autumn, winter and spring in the headwater discharge gauging stations, with significant positive trends at three of them. The highest elevation station, La Laguna (3130 m a.s.l.) displays a significant negative trend in spring, suggesting a possible diminution of glacier contribution at higher elevations. At the annual level, despite an overall observed positive trend, only two stations display a significant value. These results are in general agreement with the work of Casassa et al. (2009) , who presented runoff data for selected basins in Chile over the period . Nevertheless, in contrast to that study, our results indicate evidence for positive trends in the selected locations of the Limarí and Choapa river basins that were not identified by Casassa et al. (2009) . Further south in Central Chile, a statistically significant negative trend in streamflow was identified in the upper part of the Aconcagua basin (32
• 45 S) by Pelicciotti et al. (2007) . They found a decrease in discharge consistent at both the seasonal and annual levels over . Nevertheless, a decrease in precipitation was found to be insufficient to explain the negative trend in discharge and Pelicciotti et al. (2007) concluded that the main cause was to be found in a decrease of glacier and snowmelt contribution to runoff. However, the Aconcagua basin alone with 117.1 km 2 of glacier surface shows a more important glacier coverage than the Norte Chico. Indeed, a glacier inventory performed in the region (26-32 • S) Table 4 Discharge and timing trend for investigated stations (see Table 1 by Favier et al. (2009) , combining aerial photographs, ASTER images and literature review, suggest that glacier retreat contributes only up to 10% of discharge in higher-elevation catchments of the Norte Chico. Using MOD10A2 data, Favier et al. (2009) showed that snow is present one third of the year at 3000 m and above, suggesting the key role of snow related processes.
Concerning the streamflow timing trends, a large majority of the tested stations exhibit a trend toward earlier snowmelt over the 1964-2006 period (displayed by both spring pulse and CT). However, with the exception of La Laguna, none of these trends are significant. Considering now the 1914-2006 time period, evidence of earlier snowmelt is indicated by significant trends in spring pulse and CT of −2.6 and −1.6 d/decade respectively. These results are in agreement with Steward et al. (2005) , who concluded that most of the North American snowmelt driven basins exhibited a trend toward earlier onsets of springtime snowmelt for the 1948-2002 period. As demonstrated by Stewart et al. (2005) , these trends correlate well with an increase in temperature. This is also the case in northern Central Chile. Nevertheless, it is hard to conclude whether these trends are due to climate change or climate variability.
Hence, precipitation, stocked as snowpack, plays a greater role in the hydrology in those watersheds with less glacier coverage, as is the case for the Elqui, Limarí and Choapa basins. The aforementioned significant positive precipitation trends at the annual time scale and for rainfall indices roughly correspond spatially to the increasing discharge stations. The spatial agreement between trends in precipitation and discharge is only found at the annual level, suggesting also an overwhelming contribution of snowpack melt in the local hydrology. These studies and our results provide valuable insights into the hydrological processes of the Norte Chico, and, as Vuille et al. (2008) remarked, changes in seasonal patterns of precipitation and temperature will affect discharge differently, depending on the catchment's characteristics, as its percentage of glaciated area or hypsometry.
DISCUSSION
Implications for water resources
The observed strong significant increase in both daytime temperatures of 0.46
• C/decade and night-time temperatures of 0.38 • C/decade at the regional level over the last 34 years is likely to have influenced discharge in the Norte Chico. As the analysis of indices shows, the magnitude of "warm" extreme temperature events (TNn and SU) has increased over the studied period, whereas the frequency of "cold" extremes (FD) diminished. This, in turn, contributes to the rise in snow line and, therefore, diminishes water storage potential at higher elevations (Coudrain et al. 2005) . A different trend in temperature between higher and middle elevations indicates a possible variation of the lapse rate, an important feature in the snow forming and thawing processes. In addition, nonlinear trend analysis of temperature indicates strong inter-decadal variation in the area, most likely linked to ENSO processes, which were found to be especially influential on inter-annual climatic variability (Aceituno 1988) . The stronger sensitivity to inter-decadal variation of extreme indices suggests that ENSO has more influence on extreme events than linear trends as a whole. Unfortunately, it was impossible to perform a trend analysis over a longer period, due to the lack of longer time series.
The region has witnessed a shift of the rainy season over the last 42 years, the strong seasonal pattern showing a significant increase in autumn and decrease during spring. This shift appears to be stronger in the Limarí watershed, with an increase of discharge in this basin as a consequence. In contrast, long-term linear trends display less seasonal variation, but a significant decrease (-4.4 mm/decade) at the annual level and a significant increase (0.3 mm/decade) in spring over the period. This contrast between recent and long-term trends sheds light on the important inter-decadal variations observed in the region. Nevertheless, as for precipitation trends, extreme rainfall events (R10 and R20) return positive significant trends in the upper part of the Limarí basin. This allows preliminary conclusions to be made that the increase in rainfall over the studied period in this basin is due to an increase in extreme precipitation events, possibly increasing the risk of flash floods downstream in the watershed (Pitlick 1994) . Consequently, the analysis of the response of discharge trend patterns to precipitation and temperature trends is not straightforward. On the one hand, temperature rises have a negative influence on snowpack. Snow accumulation is reduced in winter because of the rise of the snow line and an increase of lapse rate. On the other hand, the complex pattern of precipitation trends in the region points to a recent shift of the rainy season. This increase in precipitation, spatially correlated at the watershed level, concerns also extreme rainfall events. A significant rise of dry spells was also observed in the northern Elqui watershed, whereas they diminished southward. These observed patterns, along with long-term trends, suggest a possible shift of the "arid diagonal" southward in the Norte Chico. The recent increase in precipitation, given the rather low glacier coverage, might have compensated for the observed warming, since runoff observations do not return negative trends over recent decades. Nevertheless, over the last century, the regional decrease in discharge in the Rio Turbio at Varillar corresponds to long-term decreasing trends in precipitation in the Norte Chico.
However, inter-decadal variations in temperature and precipitation result in uneven responses in term of discharge trends. The recent increase in annual and autumn precipitation created a shift of the rainfall season, inducing perturbation of seasonal runoff. The increase in spring runoff is explained by increased precipitation in winter at higher-elevation stations, contributing to the snowpack accumulation. Due to temperature rise, especially minimum temperature, snowmelt contributes earlier to the local runoff. Indeed, in northern Central Chile, there is evidence of earlier onset springtime snowmelt.
As the glacier coverage is minimal in the studied area, snowmelt accounts for the majority of observed discharge. Therefore, a decrease in glacier coverage might be compensated for by snow accumulation. Nevertheless, low-altitude glaciers might disappear in the long run, due to the snow line rise. The positive relationship between the magnitude of the rainfall trend and altitude addresses also concerns about future discharge in the region. At the annual level, with the stronger positive trends occurring at the higher elevations, this pattern, possibly influenced by a regional warming, might increase in the coming decades. Future local climate projections suggest even greater warming in the region and a decrease in precipitation combined with enhanced seasonal perturbations (Souvignet et al. 2010) . Concerning the impacts of such future perturbations on streamflow regimes, Vicuña et al. (2011) published a pioneering study in the Limarí watershed: based on their analysis, the reduction in streamflow is expected to be proportionally larger than the fractional decrease in precipitation. The authors explain this mainly by an increase in evapotranspiration. The hydrograph shape is also expected to be affected in the region, with a shorter snowmelt season, mainly controlled by increasing temperature (Vicuña et al. 2011) .
In addition, as suggested by Pouyaud et al. (2005) , future runoff might only temporarily increase; then, once glacier retreat is achieved, discharge will begin to diminish. This effect will certainly be strengthened by a potential decrease in future precipitation, and will have a great impact on surface water availability and on the sustainability of irrigated agriculture.
Uncertainties
As remarked by Fowler and Wilby (2007) , concerning climate variability and climate change, too few studies consider "how results might enable stakeholders and managers to make more informed, robust decisions on adaptation". A better understanding of the uncertainties inherent to trend analysis will help in refining interpretation and in planning sound adaptive solutions. Therefore, the main uncertainties associated with trend analysis, of relevance for better interpretation and the future use of studies such as that presented herein, are discussed here in brief:
(a) Many studies have shown that climate variability has strong effects on hydrological series (e.g. Hernandez et al. 2000 , Arnell 2003 , Wilby et al. 2006 , Ma 2008 In the case of trend analysis, the null hypothesis is that there is no trend. Thus the significance level indicates the chance that a trend is detected when no trend exists. The p values at p < 0.05 (i.e. there is 5% probability that the results are due to chance) are commonly used in trend analysis and represent strong evidence against the null hypothesis (H 0 = no trend). However, a trend might be significant but with the magnitude of change so small that is has no relevance. In contrast, change of strong magnitude could be insignificant because of the presence of noise in the series. These issues should be kept in mind when performing this kind of analysis. This explains also, why precipitation records yielded less significant values than temperature records. (d) The selection of the period of analysis may influence the results in any given region. As remarked by Villarroel et al. (2006) , various study periods return different trends given the significant inter-decadal regional climate variability (Shi and Xu 2008) . This study focused on spatial trends and therefore record length was optimized. Nevertheless, in an attempt to provide a broader perspective on hydrological processes, nonlinear trends and available long-term records were also considered. Hence, when comparing the results of this paper with those of other similar studies, it is important to give the highest consideration to the period chosen for the analysis in order to make further interpretation and draw useful conclusions.
CONCLUSIONS
This study explored trends in temperature, precipitation and discharge, as well as in hydro-meteorological indices, at different time resolutions in an arid, mountainous area of north-central Chile. Although historical records are relatively scarce, all available series were scrutinized for homogeneities, and stations with poor quality records were discarded. Records were thereafter tested against trend using a robust statistical method, and spatial distributions of trend magnitudes were shown over the research area. The results suggest that there is very high confidence in a warming trend over the last three decades . Day-time temperatures return a strong warming signal of 0.46
• C/decade and night-time temperatures -of 0.38 • C/decade that are consistent at the annual and seasonal levels. Furthermore, analysis of extreme temperature events suggests an increased number of warm days, especially at higher elevations. With regard to rainfall, although only weak evidence is found for an overall annual increase of precipitation at the regional level over the second half of the century, the results suggest a strong seasonal pattern and a shift of the rainy season, observed over . Furthermore, the magnitude of rainfall trend was found to be significantly correlated with altitude, a finding which strengthens the importance of the orographic influence over water resources in arid mountainous regions. This is of particular relevance, given that South American stations with the longest records are usually located in coastal areas. From the trend detection perspective, it is obviously problematic if patterns of change are influenced by the elevation of the station. This might lead to a bias in historical change detection, and therefore to misleading conclusions concerning future climate variability and change in the studied area. Consequently, we recommend including stations located at middle and high elevations in trend detection studies, if possible.
The spatial pattern of precipitation also suggests a new distribution of extreme events, most influenced by inter-decadal variations, with a shift southward of the "arid diagonal" over the last decades. Nevertheless, recent and long-term trends showed significant differences for precipitation and discharge records, suggesting that the interaction of complex atmospheric flows and topography makes it hard to differentiate patterns of climate variability from climate change.
This study shows the importance of investigating trends with a higher level of spatial resolution. Most of the arid and semi-arid watersheds worldwide are located in developing countries, and the majority of them do not provide records of sufficient spatial or temporal statistical resolution for climate change analysis. Therefore, these findings are of considerable value for comparative purposes in other poorly-gauged basins.
Perturbations were found in runoff, which also showed contrasts between recent and long-term trends. The recent increase in runoff demonstrates the complex hydrological processes that occur in this part of the Andes. However, our findings suggest that the recent increase in precipitation enhanced the contribution of snowmelt to runoff, whereas a long-term decrease in rainfall contributes, together with the temperature rise at higher elevations, to glacier retreat. Thus, the Coquimbo region, and very likely the whole Norte Chico, might see runoff strongly affected, with a resulting variability on both a seasonal and an interannual basis. As shown by Vicuña et al. (2011) , future inter-annual variability in streamflow timing is mainly controlled by precipitation. However, the authors demonstrated that this relationship weakens when lower-elevation catchments are considered.
Such differences underline the importance of taking flexible and adaptive measures to address hydrological problems in arid mountainous basins. Changes in temperature, precipitation and interannual variability in water availability will probably put the already delicate agricultural systems in the region under additional stress. Indeed, in the northern part of the watershed, an intensification of the water cycle would have serious consequences on reservoir recharge, and may indirectly affect the local agriculture. As they are combined with an export-driven economy, agricultural activities will likely have to face new challenges in the near future to ensure their sustainable development.
Finally, despite all sources of uncertainties that must be taken into account when handling statistical results, this study has addressed an issue that goes beyond local concerns. Besides the fact that there is a considerable need to undertake trend detection studies in order to identify changes early, and react accordingly, this study contributes to develop a better understanding of hydrological processes in understudied fragile environments such as the arid and semi-arid transition zones in the Central Andes.
